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To determine the relation between local myofiber anatomy and local deformation in the wall of the left ventricle, both three-dimensional transmural deformation and myofiber orientation were examined in the anterior free wall of seven canine left ventricles. Deformation was measured by imaging columns of implanted radiopaque markers with high-speed, biplane cineradiography (16 mm, 120 frames/sec). Hearts were fixed at end diastole and sectioned parallel to the local epicardial tangent plane to determine the transmural distribution of fiber directions at the site of strain measurement. The principal direction of deformation associated with the greatest shortening was compared with the local fiber direction in the outer (21 ± 8 % of the wall thickness from the epicardium) and inner (65 ±9%) halves of the wall. Although the fiber direction varied substantially with depth from the epicardium, the principal direction did not. In the outer half of the wall, fiber direction averaged -8 ± 24°, while the principal direction averaged -33 ±24° from circumferential (counterclockwise angles are positive). In the inner half, fiber direction averaged 69 ±10°, while the principal direction averaged -22 ±21°. Therefore, while fiber and principal directions were not substantially different hi the outer half, the greatest shortening occurred orthogonally to the fiber direction hi the inner half. Normal and shear strains measured in a cardiac coordinate system (circumferential, longitudinal, and radial coordinates) were rotated (transformed) to "fiber" coordinates hi both halves of the wall. In the outer half, normal strains observed in the fiber ( -0.09 ±0.04) and cross-fiber ( -0 . 0 4 ±0.04) directions were not significantly different (paired t test, p<0.05). In the inner half, more than twice as much strain occurred in the cross-fiber ( -0.17 ± 0.03) than in the fiber direction ( -0.06 ± 0.06). Moreover, the only shear strain that remained substantial after transformation was transverse shear in the plane of the fiber and radial coordinates. These results suggest that both reorientation and cross-sectional shape changes of myofibers or the interstitium may contribute to the large wall thickenings observed during contraction, particularly in the inner hah* of the ventricular wall. (Circulation Research 1988;63:550-562)
T he way in which myofibers lying at different depths in the heart wall and having different orientations interact during contraction is not known. It is well known, however, that there is an extensive collagenous network surrounding the myocyte and collagen struts between myocytes. 12 Moreover, the direction of the myofibers, which varies continuously with depth spanning more than 100° across the anterior free wall of the canine left ventricle, 34 is neither altered by large changes in ventricular mass or shape 3 nor affected greatly by contraction (i.e., myofiber direction changes about 20° in the transition from diastole to systole 34 ). Despite the fact that myofiber direction varies across the wall and that sarcomeres would be expected to shorten only along their axes, there is accumulating evidence that the principal directions of deformation vary little from epicardium to endocardium. 6 - 7 These results imply that there must be substantial shortening deformation that is not aligned with the axes of the local myofibers. There is additional evidence that supports this possibility; for example, several investigators using piezoelectric crystal dimension gauges and other techniques have shown deformation away from the local fiber direction, particularly near the epicardium. 8 - 11 Moreover, there is evidence that the direction of greatest shortening (the principal direction associated with the most negative principal strain) can vary substan-tially with time during contraction 6 and that the principal directions of deformation can be changed by an easily reversible intervention such as altering the ventricular activation sequence, 6 which should not influence fiber direction. However, few studies have examined fiber direction at the same site at which strain is measured, and none have examined strains and fiber directions at more than one transmural position across this thick-walled structure. Finally, few investigators 6 -712 - 13 have exploited techniques of continuum mechanics that provide the capability to compute two-and three-dimensional principal deformations from strain data measured in arbitrary coordinate systems.
Thus, it was the objective of the present study to test the hypothesis that the principal directions of deformation in the anterior wall of the canine left ventricle differ from the local myofiber direction. Accordingly, we examined three-dimensional transmural finite deformation with high-speed cineradiography in seven open-chest, anesthetized dogs and compared the principal directions with the myofiber directions determined in these same hearts fixed at end diastole. The results indicate that there is substantial shortening deformation perpendicular to the local fiber direction, particularly in the inner half of the left ventricular wall.
Materials and Methods
Seven mongrel dogs weighing from 18 to 25 kg were anesthetized with pentobarbital (30 mg/kg) and given supplemental doses when necessary. The animals were intubated, and respiration was maintained with a Harvard respiratory pump. A midline sternotomy and a bilateral thoracotomy at the fifth intercostal space were performed, and the heart was supported in a pericardial cradle. A micromanometer (model p5, Konigsberg) was inserted into the left ventricle through a stab wound in the apex. The manometer was calibrated against a pigtail catheter inserted into the left ventricle from the iliac artery and connected to a Gould-Statham P23db gauge (Cleveland, Ohio). Then, the catheter was withdrawn to the aortic root to monitor aortic pressure. To complete the preparation, three columns of from four to six lead or tungsten carbide beads (o.d., 1.0-1.2 mm) were implanted in the anterior free wall of the left ventricle as described previously. 7 In brief, the marker columns were implanted with a trocar positioned with the aid of a plastic template sutured to the epicardium. This template consisted of three holes arranged in a right triangle with 8-mm legs (hypotenuse, 11.314 mm). Then, the template was removed, and reference system marker beads were sewn to the epicardium at the bifurcation of the circumflex and anterior descending coronary arteries, at the left ventricular apex, and over each column of beads. Care was taken to position the animal in the x-ray fields so as to avoid overlap of the beads during contraction. Lead II of the electrocardiogram, camera shutter correlation marks, and aortic and ventricular pressures were recorded on an oscillographic recorder (model Mark 2000, Gould). With respiration suspended at end-expiration, biplane cineradiography (16 mm, 120 frames/sec) was used to determine the bead positions. Then, as described below, the heart was prepared for fixation at the same end-diastolic pressure observed during strain measurement.
Anatomic Studies
The azygos vein was ligated, and sutures were positioned around the cavae, the hila, and the ascending aorta. The left main coronary artery was dissected free, and a ligature was passed around it. A catheter was placed in the left atrium for the infusion of saline to adjust the filling pressure of the arrested heart. The ligatures controlling inflow were tied down, and filling pressure was adjusted to the in vivo value in the hypoxic, arrested heart. Then, a Gregg cannula was positioned in the left main coronary artery, secured with a suture, and a power injector (model Injector 1, Cordis) was used to inject solution to fix the in situ heart. 916 Two fixative solutions (Boiuns solution and buffered formalin) 917 were used in the present study with no apparent differences in the results. The measurement of local myocardial fiber direction in this laboratory has been described in detail previously.
59
In brief, a skewer was passed through the fixed, silastic-filled heart from the apical dimple to the mitral aspect of the aortic valve, and the heart was placed in a special cutting jig. A reference plane was cut perpendicular to this apex-base axis ( Figure  1A ). Then, a block of tissue (1 cm 2 in the epicardial tangent plane) was removed that included the myocardial markers. To facilitate embedding and removal of the beads, the blocks were cut in halves or thirds with sections parallel to the epicardial tangent plane. The epicardial edge was marked with a suture, and the circumferential reference edge was marked with a groove. After careful dissection to remove the beads, one or two transmural blocks were imbedded in paraffin and sectioned parallel to the epicardial tangent plane. Sections were mounted at 0.5-mm intervals across the wall. Measurements of fiber direction were made at three or more sites in each slide, and the results were averaged.
Finite Deformation
The technique for determination of local transmural finite strains has been described in detail recently.
67 Some deformation data but no fiber direction measurements or transformed strains (see below) have been reported previously for five of the seven animals studied (i.e., four of these five dogs were used in our first transmural deformation study 7 in which the statistical significance of the principal direction data was not examined, and the remaining dog was the first of eight animals used in our second transmural deformation study 6 ). In brief, sets of four noncoplanar markers demarcating small tetra- hedra of muscle were used to compute symmetric finite strain tensors at several transmural locations ( Figures IB and 1C) . After computing threedimensional normal and shear strains referred to the cardiac coordinate system at end diastole, 614 an algebraic eigenvalue problem was solved to calculate the three principal strains and their directions with respect to the end-diastolic reference coordinates. There were always several possible tetrahedra available for analysis. An attempt was made to select tetrahedra that met the following criteria: three beads at similar depth (within 1.5 mm) defining the base of a tetrahedron, height of the fourth bead within 2-3.5 mm from the base, and eigenvolumes (products of principal stretches) of the tetrahedra at end systole of 0.92-1.05.
In the present study, single contractions were selected at low levels of left ventricular enddiastolic pressure for strain analysis. The timing of end systole was defined by first determining the end-systolic aortic pressure from the fluid-filled aortic root catheter. To correct for the phase lag inherent in this system, the timing of end systole was determined at this pressure on the left ventricular micromanometer tracing. The micromanometer and aortic pressure profiles were carefully matched with this catheter in the left ventricle before it was withdrawn into the aortic root.
To determine the relation between local finite strains and myofiber direction, the end-systolic principal direction associated with the first principal strain (greatest shortening) in a given tetrahedron and the myofiber direction in the same heart at the same relative depth (percent wall thickness) from the epicardium as the centroid of that tetrahedron were compared. Both the fiber direction and the first principal direction were identified similarly as an angle from the circumferential direction (counterclockwise, positive) in the epicardial tangent plane and were designated respectively as the fiber angle and the in-plane angle. Because fiber direction information was available at 0.5-mm intervals, linear interpolation between points was performed where necessary.
The reference system used for the description of strains was somewhat arbitrary; the principal deformations were, of course, independent of it, but the normal and shear strains were not. In deference to the shell-like geometry of the left ventricle and the presence of circumferential fibers near midwall, typically the coordinate directions in planes parallel to the epicardial tangent plane have been chosen to be circumferential and longitudinal ("cardiac" coordinates). However, because we knew the local fiber direction at the centroid of each tetrahedron, it was possible to transform (rotate) the strain tensor to a new coordinate system in which the new "surface" coordinates were in the local fiber direction and perpendicular to it ("fiber" coordinates). The inplane rotation is represented by the familiar rotation matrix: which does not affect the radial coordinate and its corresponding normal strain, E 33 . The strain variables for strains occurring in the epicardial tangent plane (in-plane strains) are circumferential strain (E M ), longitudinal strain (E^), and in-plane shear (E l2 ) in cardiac coordinates. After the in-plane rotation described above, they become fiber strain (Eg), cross-fiber strain (E«), and transformed in-plane shear (Ef C ). The remaining strains occurring in planes perpendicular to the epicardial tangent plane are the transverse shears E| 3 and E^ in cardiac coordinates or Ef, and E c3 in fiber coordinates. The radial strain is E 33 . Normal strains, as is the custom in continuum mechanics, are the extensional strains (i.e., E M , E n , E 33 , Eff, and E^). The principal strains are defined in increasing order as E, (greatest shortening), E 2 , and E 3 (greatest thickening).
Results
Studies were performed in seven mongrel dogs with an average left ventricular weight of 112 ± 30 g Outer, tetrahedra were chosen with centroids at transmural positions located between midwall and epicardium; inner, centroid positions between midwall and endocardium; En, circumferential strain; E22, longitudinal strain; E 33 , radial strain; Efj and E^, normal strains after rotation of the strain tensor (see "Materials and Methods") in the fiber direction and perpendicular to it (cross-fiber), respectively.
(mean±SD). Heart rate and left ventricular pressure averaged 120 ±24 beats/min and 125 ±19 mm Hg (peak) and 4.7 ± 1.5 mm Hg (end diastole). The filling pressures at the time of fixation were within 1 mm Hg of the end-diastolic pressure at which strains were measured in each animal. The location of the left ventricular site chosen to sample both strains and fiber directions was on the anterior free wall of the left ventricle about halfway between the left anterior descending coronary artery and the lateral wall. Differences in the coronary anatomy of each dog resulted in some variation in the selection of ventricular sites; however, the centroid of the three epicardial beads was always between 1 and 2 cm from the left anterior descending artery and averaged 66 ± 6% of the distance from base to apex.
In each animal, data from a single contraction were analyzed. Tetrahedra were selected for an analysis of the end-systolic principal direction of greatest shortening and other strain variables (see "Materials and Methods") at several sites across the wall. An end-diastolic reference configuration was used for all strain calculations. A total of 26 tetrahedra (16 from the outer half and 10 from the inner half of the ventricular wall) were analyzed from the seven dogs. In cases in which more than one tetrahedron was available in either half (two to four tetrahedra), the strain data were averaged in each half. Then, mean values obtained in the two halves for each of the seven animals were averaged. The strain data from individual animals and the overall averages and standard deviations are shown in Tables 1,2 , and 3. At least two tetrahedra were selected in each animal for the analysis of strains during the course of an entire contraction starting and ending at end diastole. Figure 2 shows a typical example of the time course of left ventricular pressure (Panel A), finite strains (Panel B), and the direction of greatest shortening (Panel C) during a single contraction in a subendocardial tetrahedron (centroid at 11.1 mm deep or 79% of the wall thickness at end diastole). The circumferential strain, E u , reaches approximately -0.12 (negative normal and principal strains indicate shortening) at end systole (250 msec after end diastole). The first principal strain E,, which we have defined as the greatest negative strain, is of greater magnitude at end systole. However, because the associated principal direction is largely circumferential in this example, E M and E, have very similar time courses. The angle between the principal direction associated with E, and the circumferential direction (inplane angle, Panel C) is typically quite negative near end diastole and changes rapidly toward the circumferential direction during contraction. Most tetrahedra located in the inner half of the wall demonstrate a similar rotation toward the circumferential axis that continues through systole and well into diastole. Figure 3 shows the in-plane angle at three different levels (Panels A, B, and C) across the wall in the same experiment illustrated in Figure 2 . The ejection phase of the contraction determined from the crossover of left ventricular and aortic pressure profiles (see "Materials and Methods") starts at 100 msec from end diastole, and the principal direction during ejection is quite constant across the wall Outer, tetrahedra were chosen with centroids at transmural positions located between midwall and epicardium; inner, centroid positions between midwall and endocardium; E, 2 , shear strain in the epicardial tangent plane; Ei 3 , transverse shear strain in the plane of the circumferential and radial coordinates; E23, transverse shear strain in the plane of the longitudinal and radial coordinates; Ej c , En, and Ec3 are the shear strains after rotation of the strain tensor into the fiber direction (see "Materials and Methods").
ranging between -40° and -60° from circumferential. There is more scatter in the principal direction data during isovolumic contraction and diastasis when the strains are small and the resolution of the eigenvectors is either poor or indeterminate because of the multiplicity of vanishing eigenvalues. The end-systolic in-plane angle averaged -33 ± 24° in the outer half and -22 ± 21° in the inner half of the wall, indicating a transmural uniformity of principal directions similar to but somewhat more circumferential than that observed in a previous study. 6 Other strains showed the anticipated increase in magnitude with depth from the epicardium across the wall. 7 Fiber direction was examined in a block of tissue that included at least two of the three columns of radiopaque markers in four of the seven dogs. In the remaining three animals, tissue preparation was unsatisfactory, and a second block was cut adjacent to the bead set. Data from a typical animal are shown in Figure 4 . The epicardial fiber angle was -25° and progressed to +110° from circumferential at the endocardium. Linear regressions were performed on the fiber angle data as a function of percent depth in each animal, and the coefficients were averaged yielding a slope of 1.56 ±0.14°/% depth and an intercept of -4 9 ± 15° (fiber angle at the epicardium). The data differed from that of Streeter 4 in that the horizontal intercept of the curve (depth at which fibers were circumferential) occurred at a more epicardial site averaging 31 ± 8% of the wall thickness from the epicardium. Furthermore, our fiber angle curves were more linear with little of the curvilinear (cubic) property observed on the average by Streeter 4 that suggested a preponderance of circumferential fibers in the middle third of the wall and more rapidly varying directions in the inner and outer thirds. However, a careful examination of differences in the transmural distribution of fiber directions between "T top" and "T leg" ventricular sites examined by Streeter 4 rather than his "averaged" data revealed very similar trends as compared with what we found at sites that were probably all T leg. Moreover, our sites were significantly more septal (5 mm closer) than Streeter's sites. Figure 4 shows the relation between the end-systolic principal direction of greatest shortening (as indicated by the in-plane angle) and fiber direction as a function of depth from the epicardium in the same experiment illustrated in Figures 2 and  3 . There is an increasing divergence between principal and fiber directions with depth from the epicardium leading to a substantial difference between the end-systolic principal direction (-22 ±21°) and the myofiber direction ( +69 ± 10°) in the inner half of the wall. Figure 5 shows average in-plane strain data from all experiments. Here, strains present in planes parallel to the epicardial tangent plane (circumferential, longitudinal, and in-plane shear strains) have been transformed (rotated in the plane) so that the normal strains are now oriented in the fiber direction and perpendicular to it (see "Materials and Methods"). A paired t test was used to establish statistical significance (p<0.05). Near the epicardium (outer half, Panel A), no significant difference was found between strain in the fiber direction Outer, tetrahedra were chosen with centroids at transmural positions located between midwall and epicardium; inner, centroid positions between midwall and endocardium; fiber and in-plane angles are measured with circumferential being 0° and counterclockwise angles being positive. Ei, first principal strain (greatest shortening); E 2 , second principal strain; E 3 , third principal strain (greatest lengthening or thickening).
( -0.09 ± 0.04) and perpendicular to it ( -0.04 ± 0.04). In the inner half of the wall ( Figure 5B ), there is significantly more strain perpendicular to the fibers (-0.17 ±0.03) than in the local fiber direction (-0.06 ±0.06).
End-systolic normal strains occurring in the outer and inner halves of the ventricular wall in cardiac coordinates and after rotation to fiber coordinates (see "Materials and Methods") are shown in Table  1 . Data from individual animals as well as averages and standard deviations for all seven animals are presented. Accompanying shear strains are shown in Table 2 . In cardiac coordinates, small but consistent levels of positive in-plane shear (E )2 ) were observed across the wall, while substantial transverse shears (E^ and E23) existed only in the inner half. After transformation, most shearing components were small except for a substantial level of transverse shear (E n = 0.09 ±0.05) in the inner half of the wall in the coordinate plane defined by the fiber and radial directions. Fiber angles and endsystolic in-plane angles and principal strains occurring in the outer and inner halves of the ventricular wall are given in Table 3 . Note the presence of substantial shortening deformations (E, and E2) along two of the principal directions in the inner half of the wall.
Discussion
The present study is the first to examine fiber orientation and three-dimensional finite deformation simultaneously in the canine left ventricle. The results clearly indicate that there is a uniform orientation of the principal direction of greatest shortening across the free wall of the left ventricle while fiber direction changes substantially. Recent studies using radiographic and other techniques indicate the presence of shortening deformations not in the fiber direction. Thus, Ingels et al, 18 Arts et al, 10 Dieudonne, 12 Fenton et al, 13 and Meier et al 14 have shown deformation in several directions at a single site. More recently, several investigators using piezoelectric dimension gauge systems that have substantially greater temporal and spatial resolution than other techniques have shown that there is deformation perpendicular to the local fibers in the epicardium and midwall. 89111519 For example, the data of Lew and LeWinter 11 show substantial longitudinal shortening in the midwall averaging nearly half of the circumferential shortening observed there. The present study and recent studies from this laboratory have been the first to systematically examine three-dimensional transmural deformations at a single site. 67 These studies clearly show that the principal direction of deformation associated with the greatest shortening does not coincide with the fiber direction in the inner half of the anterior free wall site examined.
The present study implies that there must be either substantial rearrangement of myofibers during contraction or large shape changes in the crosssections of myocytes or the interstitium. Several lines of evidence support the concept that the principal directions of deformation may not be determined completely by the local fiber direction. The extensive collagen network between myocytes coursing in different directions would be expected to reduce shortening in the direction of individual myocytes by loading them in other directions. That there is shortening deformation orthogonal to the local fiber direction that is greater than fiber shortening in the inner half of the ventricular wall suggests that there is some sort of geometric rearrangement of myocytes during contraction. This possibility has been proposed by Spotnitz et al 20 from the results of studies on passive dilation of rat hearts. Figure 6 is adapted from their work and shows three potential configurations for the free wall. In Panel A, the simple concept that cylindrical fibers shorten along their axes and that their crosssections lengthen symmetrically is illustrated. Clearly, both local and global measurements refute this possibility because neither positive longitudinal strains nor base-to-apex lengthening have been observed with contraction. Moreover, wall thickening and ejection fractions realized from such a mechanism are too small. Panel B demonstrates the reorientation concept of Spotnitz et al. 20 In diastole, the fibers are arranged at an angle to each other, and with contraction they move relative to one another and are reoriented more perpendicular to the epicardial tangent plane. Thus, Spotnitz et al 20 have found that there is a direct correlation between the increase in wall thickness and the radial fiber count in fixed, diastolic hearts. That the only shearing component that remains substantial after transformation to fiber coordinates is the transverse shear in the plane of the fiber and radial directions in the inner half of the wall supports the contention of Spotnitz et al, 20 who have calculated that an angle change of about 20° during contraction is necessary to account for thickening. However, the magnitude of this transverse shear when expressed as an angle change suggests that it is only partly responsible for the large thickenings observed. Converting the average shear (En = 0.09, Table 2 ) to an angle, the infinitesimal shear angle is computed as: a = atan(2e f3 )=10.2°w
hile the finite shear angle is actually somewhat smaller because of the presence of the large radial strain: a = asin ( 2 E f 3 N \ + l E a V I + 2E33) = 8.5°T
he angle change indicated in Figure 6B exaggerates this component for illustrative purposes. The other possibility, that there may be cell shape changes, is shown in Figure 6C . Here, cell or fiber bundle cross-sections deform so that material circles in diastole become ellipses with contraction. The same effect could be achieved by changes in shape of the interstitial spaces. 21 Regardless of the local mechanisms that result in the observed deformations, the large wall thickenings produced during contraction in the left ventricle are not accounted for by simple considerations of the Poisson effect, that is, volume-preserving fiber shortenings do not result in lengthening (thickening) along the two directions mutually orthogonal to the fiber axes ( Figure 6A) . Rather, the myocardium tends to undergo two-dimensional shortening, that is, negative longitudinal and second principal strains are substantial when compared with circum- Time (msec) Figure 2C) ferential and first principal strains, particularly in the inner half of the ventricular wall. In this way, the lengthening (thickening) that must accompany shortening in a volume-preserving (incompressible) deformation is unidirectional, providing a powerful mechanism for ejection. The one-dimensional fractional shortening measured by sonomicrometers does not have the capability to account for shearing deformation (either in the epicardial tangent plane [in-plane shear] or transverse to it). Therefore, the former method can only allude to maximal shortening because principal strains and directions are not available. For example, the study of Freeman et al 9 did not measure true principal strain but instead equated the strain measured in the circumferential direction to maximal shortening. The effect of in-plane shear on the interpretation of cardiac deformation data has been discussed previously by Prinzen et al 22 in response to the Freeman study and in previous studies from both laboratories. 6723 Our current results corroborate these earlier observations. A two-dimensional method with a triangular arrangement of radiopaque markers 14 or sonomicrometers 15 or the more comprehensive threedimensional method developed in our laboratory 7 can be used to compute two-or three-dimensional symmetric strain tensors, thus allowing for the computation of principal data. As these tensor methods have consistently shown, 671415 the principal direction associated with the greatest systolic shortening is almost always oriented along directions that correspond to negative Streeter fiber angles because of the presence of small but consistent in-plane shearing deformation across the wall at the ventricular site examined. Therefore, it is unlikely that circumferential shortening at midwall is indicative of peak shortening. The examples described in our first study of finite deformation in myocardium 7 suggested that peak shortening at midwall and deeper may occur at angles between -10° and -60° (Figure 7 of Waldman et al 7 ). The more comprehensive data appearing in a more recent study 6 again showed that this principal direction often has little transmural variation (Table  1 of Waldman et al 6 : the epicardial in-plane angle was -5 6 ±27°, and the endocardial angle was -46 ±24°) and certainly varies much less than the fiber directions measured by Streeter. 34 The results of the present study are a direct manifestation of the relative transmural uniformity of this principal direction. A clue to this consistent finding was already visible in the data of Freeman et al. 9 Referring to Figure 6 of Freeman et al, 9 observe that over a range of angles (of the axis of the crystal pairs) of 20-30° from the local fiber direction, a substantial number of data points are at 100% maximal short- ening. If Freeman et al had shearing data, some of these points would have been greater than 100%.
FIGURE 3. Plots of the orientation of the principal direction associated with the greatest shortening (E,) as indicated by the in-plane angle (see
We further illustrate the differences between single and multidimensional techniques in Figure 7 . Here, we selected a very typical set of shortening and thickening strains that we (and others, albeit not simultaneously) have observed at locations near mid wall and deeper (-0.15 circumferential strain, -0.07 longitudinal strain, and +0.34 radial strain). The question we ask is, given these normal strains, what happens to the ratio of fiber strain to crossfiber strain as we vary the presumed fiber direction through positive Streeter angles? This procedure uses the in-plane rotation described in the present study to compute the fiber and cross-fiber strains as we vary fiber direction through angles that are representative of those measured at midwall and FIGURE deeper. Equivalent results could be obtained with a simple application of Mohr's circle. In addition, what is the effect of increasing amounts of in-plane shear on this ratio? Figure 7 shows that without any shear (as assumed in the study by Freeman et al 9 ) fiber strain dominates cross-fiber strain over a range of fiber angles of 45°. However, with small amounts of positive shear, the ratio falls to unity more rapidly. For example, with the normal strains specified and in-plane shear of 0.04, similar to our average data, the ratio is about one third or less (E cc /E ff >3) over a range of fiber angles from about + 60° to +80°. If in-plane shear is 0.06, E cc /E ff >3 over a range of fiber angles from about + 42° to + 82°. This is a wide range of possible fiber angles. Thus, the result that cross-fiber strain dominates fiber strain over a range of midwall to subendocardial fiber angles is an inevitable consequence of the presence of positive in-plane shear. It is an interesting corollary that with increasing amounts of shear, the range of positive fiber angles over which fiber strain dominates cross-fiber strain becomes 
Schematic diagrams indicating three possible configurations of the ventricular wall at end diastole (ED) and end systole (ES). h, wall thickness at ED; h', wall thickness at ES. Panel A suggests a simple realization of the Poisson effect in which fiber
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increasingly narrow. For example, with a shear of 0.04, fiber strain is greater than cross-fiber strain over a range of fiber angles from 0° to 22.5°. For a shear of 0.06, this range is only from 0° to 17°. These results are not affected by the presence of transverse shearing deformations. The difference in transmural positions (depth) in the Freeman et al 9 data and the data from the present study could also make a significant difference in the magnitude of cross-fiber strain. Although Freeman et al do not state the average depth of the measurements and these hearts are no longer available, it seems reasonable to assume that the piezoelectric crystals were implanted 5 mm from the epicardium and to use the average wall thickness from the present study (12.75 mm). The Freeman et al data would then be at 39% of the distance from the epicardial surface to the endocardium. In the present study, the average depth at which the fiber direction was 0° was 30.7 ±7.6% (±SD). Because the Freeman et al data were measured at a similar site, it seems likely that the fibers were near circumferential in that study. From the analysis shown in Figure 7 , it seems very likely that fiber strain would always exceed cross-fiber strain at the level examined in the earlier study. 9 On the other hand, the average fiber direction in the inner half of the wall in the present study (at more than twice the depth at which fibers were circumferential on average) was + 69°, and cross-fiber strain exceeded fiber strain at these depths from the epicardium. With regard to the variation of fiber shortening between the outer half (-0.09 ±0.04) and the inner half (-0.06 + 0.06), there was no significant difference between fiber shortening at these transmural positions in the anterior free wall site examined.
The current data provide further evidence that myofibers across the free wall of the left ventricle tend to work together as a unit, but the mechanism that constrains fibers of widely varying orientation to shorten collinearly is difficult to discern without a 90.0 local measure of stress or a complete understanding of the three-dimensional material properties. In addition to the mechanisms suggested earlier, our observations raise several questions. First, is it possible that the collagen network itself is anisotropic, that is, that tethering acts mainly in planes parallel to the epicardial tangent plane constraining the first principal direction but allowing for substantial freedom for radial deformation? Second, is force generation in the midwall and subepicardium greater than in the inner wall? For example, if stresses have more transmural uniformity than the magnitudes of the corresponding strains, as has been suggested on theoretical grounds by arguments invoking either torsion 24 or residual stress mechanisms, then the forces acting in an outer half of substantially greater volume than the inner half of the ventricular wall could be mechanically dominant. Moreover, is it conceivable that there are transmural variations in material properties or that neighboring fiber populations located more basally than our ventricular site and having more circumferential fibers may interact with the site we have chosen? These questions await further study.
There are a number of potential sources of error in this study. First, we are looking at only one site on the ventricular wall, which has been chosen because it is free of potential abrupt changes in fiber direction because of papillary muscles. However, in the apex of the left ventricle where fiber direction is changing rapidly and at the base of the heart where valve rings complicate the anatomy, different results are possible. Nevertheless, even though we carefully avoided using either fiber or strain data that involved the anterior papillary muscle directly, its potential influence cannot be ignored. Second, we have compared the end-systolic principal direction (direction of greatest shortening) with the fiber direction determined in the same heart arrested in diastole. If there are substantial changes in the fiber direction during systole, then the discrepancy between fiber and principal directions could be an artifact of the end-diastolic reference configuration. However, Streeter et al 34 have examined fiber direction in hearts fixed during contraction and have shown that the fiber direction changes about 20° from its direction in the diastolic configuration at any transmural position. Of critical importance to these data is that the transmural variation of fiber directions is not diminished by contraction supporting the observed difference between principal direction and fiber direction. Here, an additional assumption concerns the timing of the systolic fixes performed by Streeter et al.
-
4 Because the duration of fixation is several hundred milliseconds, these are not necessarily end-systolic fixes.
There are several sources of variability that contribute to the wide standard deviations shown in Tables 1-3 . First, the depth of the measurements varies substantially from animal to animal, ranging from 14.4% to 31.8% for the outer half and from 50% to 74.4% for the inner half. Because strain magnitudes vary with depth, this will add to the variability in the magnitudes of the strains. However, the direction of greatest shortening does not vary much across the wall in each animal but does tend to vary substantially from animal to animal. For example, the difference in this principal direction between endocardium and epicardium varied from 0.75° to 24° in all the animals, while the endocardial in-plane angle varied between -3° and -55° in all animals. Some of this latter variability is likely attributable to the hemodynamic status of the animal. There is preliminary evidence from this laboratory that increases in end-diastolic pressure shift the end-systolic in-plane angle toward the circumferential direction. 15 Concern about errors in the measured fiber directions prompted us to examine potential errors at various stages of the fixation process. Both fixatives used in the present study were administered by arterial perfusion, and both resulted in a rapid (10-second) fixation. Both agents are known to alter the volume of the tissue. Buffered formalin produces a 15-20% decrease in volume, whereas glutaraldehyde changes volume very little (±5%) although the fixation is somewhat slower. The errors occurring during the fixation process have been addressed before. 16 In this study, there were no apparent changes in ventricular shape or cross section after rapid fixation with glutaraldehyde. To increase our confidence that there were no major alterations in ventricular shape with the buffered formalin used in the present study, we have repeated the analysis in two dogs with glutaraldehyde and found no substantial differences.
The potential for error that would affect the results of these studies (and Streeter's initial work) is much greater during the dehydration phase. During this phase, there is a large reduction in wall volume. However, because the block of tissue containing the beads is removed before the dehydration, the potential exists for either nonuniform shrinkage or substantial shearing distortion, which could influence the results. Accordingly, the two additional hearts fixed with glutaraldehyde were dehydrated in alcohol over a period of 1 week so that both total wall volume and finite strains (and, thus, local muscle volume) could be measured during the dehydration procedure before cutting the block. For this purpose, the reference configuration was that of the fixed heart before dehydration. In the two hearts, there was substantial shrinkage of the total wall volume (from 73 to 42 ml and from 78 to 44 ml). However, this appeared to be evenly distributed across the wall with a 40-50% loss of muscle volume in both epicardial and endocardial tetrahedra. Moreover, the shear strains occurring from beginning to end of the dehydration were too small to distort measured fiber directions substantially. In these two additional hearts, the fiber angle-depth relations were very similar to those observed in the remaining seven animals.
The variability of fiber angles within sections is discussed in the study of Freeman et al 9 and was not measured systematically in the present study. Three angles were measured from each section, and the range was usually less than 15°. In one of the two hearts described above, the maximum range of fiber angles in each section averaged 10 ±9° in 132 samples. The variability adjacent to a section can be determined from the data of Streeter 3 to be between 10° and 20° in either the apex-base direction (leg) or circumferential direction (base) along the T-shaped area studied by Dr. Streeter. Neither the variability in fiber direction within sections nor that at adjacent sites affects the average transmural shape of the fiber direction-depth relation and, thus, does not qualitatively affect the conclusions of this study.
The influence of deviations of fiber orientation from the epicardial tangent plane on ventricular deformation is not known. It is not clear whether the transverse shears we measure are attributable to the small "traverse" angle described by Streeter 3 or to other possible mechanisms, such as the deviation of local shape from axisymmetry or the influence of neighboring ventricular sites. Regardless of the mechanism, we do indeed observe positive transverse shear strains in the inner half of the ventricular wall as shown in Table 2 . Moreover, if the transverse shear of 0.09 ±0.05 (En of Table 2 ) is a second means by which inner-half fibers contribute to the total deformation besides normal strain in the fiber direction (Eg), this would help explain their overall function.
The calculations of Wiseman et al 25 indicate that the assumption of uniform strain within the tetrahedral volume results in errors attributable to the transmural variations in strain components in thickwalled bodies. These errors were demonstrated by choosing different tetrahedral geometries within the walls of cylinders and spheres, prescribing deformations, and computing the exact strains at the cen-troids of the tetrahedra as well as the experimental strains with a four-point calculation (which assumes uniformity). Spheres and cylinders were subjected to negative inflation and torsion. In addition, negative extensions were imposed on cylinders.
We have repeated these calculations for the range of tetrahedral geometries used in our experiments. As described in detail in our first study on finite deformation in myocardium 7 and repeated here for clarity in the subsequent discussion, subendocardial tetrahedra are chosen with three points approximately in the same plane and the fourth point 2-3.5 mm closer to the epicardium, and subepicardial tetrahedra have three points in a plane near the epicardium and the fourth 2-3.5 mm deeper. Midwall tetrahedra have been chosen tipping either up or down. When a subendocardial tetrahedron is arranged as described, the three points near the endocardium tend to weight the shortening calculations toward the endocardium where shortening is greater, while the radial leg of the tetrahedron weights the thickening calculations to be slightly closer to the epicardium (representative of the midpoint of the radial leg rather than the centroid of the tetrahedron). Thus, shortening is overestimated and thickening is underestimated with the result that the volume appears to decrease. The subepicardial arrangement does just the opposite, biasing the calculation toward the epicardium. Here, shortening is underestimated and thickening is overestimated, resulting in apparent volume increases.
Fortunately, our tetrahedral geometries result in substantially smaller errors than many of those chosen by our colleagues in Baltimore. The reason is that our intermarker and intercolumn spacing are such that the radial span of the tetrahedra is often considerably less than 4 mm and the circumferential span is between 5 and 7 mm. The calculations indicate that it is the interaction between errors introduced by finite dimensions in both the epicardial tangent plane and radial directions that tends to amplify these errors.
Many representative calculations for both the sphere and cylinder have been made. The results indicate that the strain errors and volume overestimation near the epicardium are exceedingly small. In the subendocardium, the strain errors including deviations in principal directions are quite small. Nevertheless, volume underestimations of 5-10% occur and should be kept in mind when interpreting radial strains and local volume changes. Generally, the errors were found to be slightly greater for the spherical model. Depending on the choice of tetrahedral geometry, the errors in the circumferential, longitudinal, radial, first transverse shear (E 13 ), second transverse shear (E^), first principal, second principal, and third principal strains ranged from -0.008 to -0.023, -0.011 to-0.029, -0.033 to -0.088, 0.017 to 0.046, -0.025 to 0.019, -0.012 to -0.024, -0.016 to -0.030, and -0.032 to -0.085, respectively. Critical to the interpretation of the results of the present study, the error in the in-plane shear strain was always less than 0.01, and the error in the in-plane angle ranged from -3.9° to 3.4°. As mentioned above, the errors for the cylindrical model were somewhat smaller and, perhaps, more representative of the experimental errors occurring in the marker implantation region on the anterior free wall where the curvature is much smaller in the longitudinal than in the circumferential direction. Thus, the errors introduced by the uniformity assumption would not influence our major findings substantially.
In the present study, fiber orientation and threedimensional finite deformation have been examined in the anterior wall of the canine left ventricle. The principal direction of deformation associated with the greatest shortening has been compared with the local fiber direction in the outer and inner halves of the ventricular wall. Although fiber direction and principal direction are not substantially different in the outer half, they are virtually orthogonal to each other in the inner half of the wall. Nevertheless, substantial shortening deformation along the fiber direction tends to occur during contraction with a magnitude about half of its value along the crossfiber direction. These data suggest that both reorientation (relative motion) and cross-sectional shape changes of myocytes or interstitium may contribute to the large wall thickenings observed during contraction, particularly in the inner half of the ventricular wall.
